indicating an important role for phytoplankton-mediated DMS production. The findings 55 from this study provide crucial information on the distribution and cycling of DMS and 56 5 a widespread process in phytoplankton but its magnitude varies substantially among taxa, 135 from non-detectable among certain cyanobacteria and diatoms, to considerable amounts 136 (up to 400 mmol DMSP L -1 of cell volume) within groups such as dinoflagellates and 137 prymnesiophytes (Keller, 1989) . Furthermore, physicochemical conditions encountered 138 by algal populations in their environment, such as nutrient repletion or depletion, doses of 139 solar radiation, oxidative stresses, and modifications in salinity or temperature may also 140 impact the production of DMSP, as algal cells up-or down-regulate their production to 141 cope with these external pressures (Simó, 2001 ; Stefels et al., 2007; Sunda et al., 2002) . 142 DMSP is released into the aqueous environment largely because of cell disruption 143 following aging, grazing or viral attack (Dacey and Wakeham, 1986; Turner et al., 1988 ) 144 and, to a lesser extent, by healthy algae via active exudation (Laroche et al., 1999) . Some 145 non-DMSP producing algal species are thought to take up available dissolved DMSP 146 directly from the medium and assimilate sulfur from DMSP through a process yet to be 147 identified (Vila-Costa et al., 2006a) . DMSP: one producing DMS, the potential climatic relevant gas, the other producing 156 methanethiol (MeSH), an important microbial substrate (Kiene and Linn, 2000b) . 157
Another potential fate for DMSP is its transformation into dissolved non-volatile 158 degradation products (DNVS), including sulfate (SO 4 2-), however less is known of the 159 molecular pathways involved in this process (Kiene and demethylation/demethiolation (Taylor and Gilchrist, 1991; Taylor and Visscher, 1996) , a 188 S-assimilatory pathway leading to MeSH production, a portion of which is incorporated 189 directly into methionine, and subsequently into proteins by marine bacteria (Kiene et al., 190 1999) . The later pathway is thus linked to sulfur assimilation but also yields a methyl 191 group that can be used as a carbon source (Kiene and Linn, 2000a; Yoch, 2002) . 192
The present study was carried out during austral summer within three autotrophic blooms, 193 each exhibiting varying phytoplankton assemblages and developmental stages, and 194 sourced within the upper surface mixed layers of a section of the Subtropical Front over 195
Chatham Rise east of New Zealand. To our knowledge, the results presented here are the 196 first rate measurements made in the highly productive ocean region east of New Zealand, 197 DMSP in connection to the "microbial maze" (Malin, 1997) bloom 2, and bloom 3 (hereafter referred to as clusters B1, B2 and B3) are also used in 214 this paper to simplify cross-referencing and data comparisons. The SOAP blooms were 215 coherent discrete areas of elevated ocean colour identified in satellite images 216 characterised by a maximum of 1 mg/m 3 chl a or higher. Sampling took place near the 217 center of these blooms but also at stations on the periphery and outside the blooms (Table  218 1), as defined by the distance from the bloom centre and clear demarcation in surface 219 biogeochemical variables (see Law et al., Caniaux, 2009 ), but also elaborate upon the importance of k and MLD in the SRD equation. We also attempt to directly address UV radiation, adapting the SRD methodology to calculate an ultraviolet radiation dose (UVRD) that restricts the total surface irradiance to a narrower spectral band relevant to UVA (380 nm). Finally, a comparison is made to the work of Bell et al. (2006) who previously found the best fit to the AMT DMS data to be a simple relationship with MLD alone (40/MLD) (see Methods Sect. 2 for details).
Methods
The SRD combines the depth of the mixed layer (MLD), the incident solar radiation at the surface (I 0 ) and its attenuation within the water column (k) (Vallina and Simó, 2007) : measurement at a sampling point but also co current data for the components of the SRD (MLD, I 0 an k). Within the AMT dataset, this meant that only 65 DM data points could be used with concurrent data. Althoug it would be possible to calculate SRD using climatologic data (SRD clim ) for more of AMT data points, the analys was restricted to the same dataset to enable a fair compar son. The same reasoning was applied to the UVRD anal sis which used all available UV data in conjunction with th DMS data used for the SRD analysis.
For incident solar radiation (I 0 ), a daily average (24 h lea ing up to the point of sampling) of the continuous shipboa measurements of total solar radiation was used. Measur ments in Wm 2 were made using Kipp & Zonen SP Li 0339-900 TIR Pyranometers (range 300-3000 nm) that we positioned high up on the ship's foremast approximate 22 m a.s.l. The average of two sensors was used and the sam instrumentation used on all cruises. The in situ MLD is d fined using the same criteria as the V&S07 MLD climato ogy, a temperature departure of 0.1 C from a reference dep of 5 m to avoid the effect of diurnal heating (Bell et al., 2006 The temperature profiles used to calculate the MLD we sampled concurrently with [DMS] along the cruise track pre-dawn (03:00 LT) each day. The attenuation coefficie (k) used for the SRD insitu was calculated using the sample 1% light level depth (Z e ) defined as the depth (m) to whic 1% of the light incident at the surface penetrated on the pr vious day's mid-morning (11:00 LT) cast (k=ln(0.01)/Z e ). We also calculated an ultraviolet radiation dose (UVRD Eq. 2) based on the SRD equation (Eq. 1) but using a sate lite surface UV product from NASA's Total Ozone Mappin Spectrometer (TOMS) in place of in situ total solar irrad ance (I o ). This was in the form of the noon irradiance f the specific DMS sampling date at the surface of the ocean mW m 2 nm 1 at 380 nm (UVA) and at a 1 ⇥1 degree gr box resolution. This product incorporates the column ozon amount and cloud conditions, taking into account sun-ear distance, solar zenith angle, total ozone amount, tropospher aerosol optical depth and cloud transmission (Herman an Celarier, 1997) and is available from the TOMS project http://toms.gsfc.nasa.gov/. This product does not account f daylength and as such it should be noted that the methodo ogy differs from the SRD which uses a daily average valu A constant attenuation coefficient appropriate for the atten ation of UV under oligotrophic conditions (k=0. 8 layer depth defined as the point at which a 0.2 o C difference from the sea surface 228 temperature occurred and was calculated according to Kara et al. (2000) . 229
Ambient NO 3 -concentrations were measured using colorimetric detection by segmented 230 autoanalyser as described by (Law et al., 2011 1998) and thawed immediately before counting by flow cytometry shortly after the cruise 235 following the methods described in Safi et al. (2007) . Coccolithophore abundance in near 236 surface waters was determined using optical microscopy as described in Chang and 237
Northcote (2016). Dinoflagellate abundance was determined for surface waters (not for 238 near surface waters) and is not shown here. 239 240
Microbial DMSP catabolism incubations 241
Surface seawater samples were collected from a rigid-hulled inflatable boat away from 242 the ship, between 7h00 and 9h00 (NZST) in the morning, with a novel apparatus dubbed 243 
297
Following the transfer of the samples into the serum vials, the bottles were quickly sealed 298 with a rubber stopper fitted with a well-cup holding a type A/E glass fiber filter soaked 299 with 0.2 mL stabilized H 2 O 2 (3 %). The vials were set to trap the volatile 35 S on an orbital 300 shaker and stirred at 100 rpm for ca. 6 hours (Kiene and Linn, 2000b efficiency), duplicate 5-mL subsamples were also taken from the previous 24-h 314 incubation bottles and gently filtered by manual pumping through a 0.2 µm Nylon filter 315 and then rinsed with trichloroacetic acid (TCA) as described in (Kiene and Linn, 2000b) . 316
The filters were placed in 10-mL scintillation vials containing 5 mL Ecolume TM and the 317 radioactivity remaining on TCA-rinsed filters was later quantified by liquid scintillation 318 (using quartz bottles in deck board incubators) or acclimation to darkness (using dark 345 HDPE Nalgene bottles). Rates were thus obtained during post-exposure dark incubations 346 (as explained above) conducted after 6 h pre-incubations at ambient light or in the dark. 347
Because the communities were sourced in near-surface waters during daylight hours, the 348 incubations conducted in quartz bottles are thought to be representative of the natural and 349 variable light experienced by these biological communities at the surface of the ocean. Because of these wide-ranging and intricate light-bacteria interactions, natural solar 358 radiation is believed to play a significant, yet challenging to predict, role in modulating 359 bacterial dynamics and biogeochemical functions (Ruiz-González et al., 2013). In the 360 current study, the sulfur-related metabolic activities of the marine biota sourced in the 361 waters may have persisted in the dark within the time period of experimental pre-363 exposure (6 h), however the lack of information on the phylogeny of bacterial groups 364 present, for example, hampers a more detailed discussion. We therefore present rate 365 measurements made in dark-incubated samples that had been pre-exposed to ambient 366 light conditions for 6 h. 367
Concentrations of S-compounds 368
Duplicate samples of in situ dissolved DMSP (DMSP d ) and total DMSP 369 (DMSP t = DMSP p +DMSP d ) were collected on board the ship using the non-perturbing 370
Small-Volume gravity Drip Filtration (SVDF) procedure (Kiene and Slezak, 2006) . For 371 DMSP d samples, ca. 25 mL of seawater were gravity filtered onto GF/F and the first 372 3.5 mL of samples were kept in 5-mL falcon tubes amended with 50 µL 50% H 2 SO 4 and 373 maintained in the dark at 4°C. For DMSP t , 3.5 mL of unfiltered water sample were 374 transferred directly into 5-mL falcon tubes and treated the same way as DMSP d samples. 375
Subsequent analysis took place at Laval University (Canada) through alkali treatment to 376 cleave DMSP into DMS, purging, cryotrapping and sulfur-specific gas chromatography 377 (GC, see Lizotte et al. (2012) ). Duplicate in situ DMS samples were collected directly 378 from the sipper or the niskin bottles by overflowing two volumes of seawater in 150 mL 379 crimp-top glass bottles and were analysed onboard the ship within less than 5 h of 380 collection following methods described in detail by Walker et al. (2016) . Briefly, 381 calibrated volumes (5 mL) of seawater samples were purged with zero-grade nitrogen 382 (99.9 % pure) and gas-phase DMS was cryogenically concentrated on 60/80 Tenax TA in 383 a stainless steel trap maintained at -20ºC via a cold finger connected to a cryo-cooling 384 unit, then thermally desorbed at 100 ºC for analysis by GC coupled with sulfur 385 chemiluminescent detection. DMS samples were also collected in 23-mL serum vials at 386 T0 and T6 during 6-h incubation experiments conducted in quartz bottles on the deck of 387 the ship (at in-situ light and temperature conditions) and processed as described above. 388
Statistical analysis 389
Statistical analyses were carried out using the Systat statistical software for Windows 390 2) and north of (sta. 3) B1 (Fig. 1) . Located in a region exhibiting Subantarctic-type 422 waters, B1 was characterized by the dominance of dinoflagellates (ca. 53% of total C 423 biomass) with Gymnodinium spp being responsible for an overall average of 30% of the 424 
Reservoirs of sulfur compounds across sampling clusters 461
In situ sea surface reservoirs of DMSP t displayed a 5-fold span across the study region 462 (Fig. 2a) . Highest DMSP t concentrations were observed in B1, with values ranging from 463 118 to 160 nmol L -1 (Fig. 2a) . It is also within B1 that highest DMSP p : chl a ratios 464 occurred, with a range of 89 to 141 nmol µg -1 (Table 1) Concentrations of near-surface DMS also showed high variability with a 14-fold spread 482 within the stations sampled (Fig. 2c) converted into DMS, ranged from 4 to 17% (Fig. 4a) , with lowest and highest yields 499 found within the same cluster (B3) at stations 8 and 9, respectively. The average DMS 500 yield in clusters B1 and B2 were very similar at 12.1% and 12.7%, respectively. The 501 production of DMS from DMSP d , determined as the product of DMS yields and DMSP d 502 consumption rates, varied by more than two orders of magnitude across the sampling area 503 (Fig. 4b) . Lowest DMS production rates from DMSP d were measured in the third 504 
Bloom dynamics in the Subtropical Front 511
The Subtropical convergence region under study was characterized by overall high 512 standing stocks of both autotrophic biomass (proxied by phytoplankton C and chl a) and 513 biogenic sulfur compounds (Table 1 ; Fig. 2a-c 
th to sample the B3 cluster stations. At that time, the physicochemical and 536 biological signatures in B3 (sta. 7-9) differed slightly from those of B1 and displayed 537 higher regional pCO2 minimum (305 µatm), two-fold lower mean phytoplankton C 538 biomass (28 µg L -1 ), and lower chl a concentrations at stations 7 and 8 (ca. 0.4 µg L -1 ), 539 but comparable at station 9 (1 µg L -1 ). Overall these results suggest that phytoplankton 540 biomass was lower in response to lower nutrient reservoirs and possibly greater grazing 541 pressure in B3, although specific information on zooplankton activity is not available. 542
The second cluster of stations (B2) was geographically distant from the two others (B1 543 and B3, Fig.1b ) and had characteristics of slightly warmer Subtropical waters (Table 1) . 544
Regionally, this study area displayed the highest pCO 2 but had similar mean 545 phytoplankton-associated C biomass (32 µg L -1 ) to B3. Regional maximum chl a (max of 546 1.5 µg L -1) and nitrate levels (cluster average of 0.5 ± 0.7 µmol L -1) were the lowest 547 among the blooms investigated. These low nutrient features are thought to be typical of 548 Subtropical waters North of the Subtropical front which are also known to display 549 stronger vertical stratification (Llido et al., 2005) . Small-celled phytoplankton (< 5µm) 550 are known to typically develop blooms that exhibit low chl a concentrations (< 2 µg L -1 , 551 (Holligan et al., 1993) ). Such is the case for the common and globally dominant bloom-552 forming coccolithophore Emiliania huxleyi (Paasche, 2001) 
Relating bloom dynamics with concentrations of reduced S-compounds 557
Despite differences in phytoplankton dominance within blooms (Table 1) , pools of 558 DMSP t measured in this study showed a strong association with overall phytoplankton 559 biomass as suggested by the positive correlation observed between DMSP t and chl a 560 (r s = 0.83, p < 0.01, n = 9, Table 2 ). A type II linear regression model suggests that 59% 561 of the variance in pools of DMSP t can be explained by the variability in stocks of chl a 562 (Fig. 5a ) while the strength of the relationship between DMSP p and chl a is also strong 563 (Table 1) could also have resulted in differences in light history 592 experienced by the DMS-producing communities. Nonetheless, DMS reservoirs and 593 those of its precursor DMSP were found to be abundant in the three blooming clusters as 594 discussed in the next section. 595 596
High concentrations of S-compounds in Subtropical Frontal surface waters 597
In this study, concentrations of DMSP t reached 110 to 160 nmol L -1 in the first cluster, in 598 2011)). Clusters B1, B2 and B3 displayed average (n = 3 for 655 each cluster) near-surface concentrations of 9.5 ± 4.8, 3.6 ± 3.0, and 7.0 ± 3.1 nmol DMS 656 L -1 , respectively (Fig. 2c) . These results underscore the fact that coverage in the previous 657 climatological data likely did not capture all the productive hydrographic and seasonal 658 features of this region. While many studies have reported on chl a enhancement across 659 frontal regions of the oceans, only a few studies have described regional increases in 660 DMS associated with frontal waters (Holligan et al., 1987; Matrai et al., 1996) , and these 661 studies have provided only limited information on DMSP. Results from the current study 662 thus provide much needed information on the distribution of DMS but also DMSP in a 663 critically under-sampled area of the global ocean as well as highlight the importance of 664 oceanic fronts as hotspots for biogenic sulfur compounds. 665
666
Finally, an important portion of the total sea surface pools of DMSP was found as 667 dissolved material in this study, with 5 to 21% of DMSP t prevailing as DMSP d across the 668 three distinct clusters of the study region (Fig. 2b) 
Cycling of S-compounds through heterotrophic bacterioplankton 686

Wide-ranging microbial DMSP d rate constants 687
To our knowledge, this study provides the first DMSP process rate measurements across 688 a frontal zone, within three quasi co-occurring but distinct phytoplankton blooms. Except 689 for station 5, which will be discussed below, DMSP d loss rate constants (k DMSPd ) varied 690 between 0.4 and 3.4 d -1 , suggesting wide-ranging turnover times of DMSP d reservoirs, 691 between ca. 7 hour to 2.5 days (Fig. 3a) . Assuming steady state conditions, these turnover 692 times imply that between ca. 2 to 14% of the DMSP stock was renewed hourly by 693 autolysis, exudation viral attack and grazing (Stefels et al., 2007) . These results are 694 comparable with similar ranges of k DMSPd measurements conducted in various oceanic 695 environments (Table 3) 
Fulfilled bacterial sulfur requirements in a sulfur-rich environment 721
The assimilatory metabolism of sulfur from DMSP is a key control on the amount of this 722 compound diverted away from DMS. Assimilation efficiency of sulfur from 35 S-DMSP d 723 into bacterial macromolecules was low (< 5%) throughout the study region (Fig. 3b) . 724
Values reported in this study are below a relatively narrow range of DMSP-S assimilation 725 efficiency values reported in various studies (see Table 3 ). Taking into account the 726 DMSP-S incorporation efficiency, the potential contribution of DMSP-S to bacterial 727 sulfur biomass production was estimated from bacterial C production and lower and 728 upper limits of bacterial C:S molar ratios (32 to 248 from (Cuhel and Taylor contribute to leucine incorporation. This would lead to overestimation of the contribution 738 of DMSP to bacterial S production. Overall, and assuming that heterotrophic bacteria 739 dominate the uptake of DMSP, the S assimilation efficiencies (< 5%) measured in this 740 study point towards a rapid saturation of S requirements by the microbial assemblages in 741 DMSP-rich waters of the Subtropical Front. 742
Microbial DMS yield and gross production of DMS from DMSP d 743
Microbial DMS yields, the conversion efficiency of DMSP d into DMS, varied from 4 to 744 17% with an overall average of 11% across the entire study region, irrespective of water 745 mass provenance and bloom association (Fig. 4a) . Our results add to the mounting 746 evidence that, as a whole, the span in endogenous proportions of DMSP d consumed by 747 bacteria and cleaved into DMS is similar across various oceanic environments (see Table  748 24
suggests that as carbon incorporation for protein synthesis was heightened in the 751 microbial communities, the proportional use of DMSP as a carbon source also increased, 752 leading to higher DMSP d -to-DMS conversion efficiencies (Table 2) . Furthermore, 753 prokaryotic protein synthesis, estimated by the bacterial incorporation of leucine 754 (Kirchman et al., 1985) , appeared to be significantly associated with the supply of 755 DMSP d in this study (r s = 0.86, p < 0.01, n = 8, Table 2 ). The fate of S in DMSP-756 metabolizing bacterial communities is complex and most likely affected by numerous 757 factors, at least one of which is the S requirement relative to the availability of organic S. 758 Table 3 ). However, even 779 variations in the production rate of DMS in sea surface waters. In this study, gross DMS 781 production from DMSP d ranged from near detection limits to a high of 27 nmol of DMS 782 per liter per day (Fig. 4b) . This high rate reflects the very high DMSP d scavenging by the 783 bacteria measured on this particular day coupled to high DMSP d -to-DMS conversion 784 efficiency at station 5 (Fig. 3a, Fig. 4a ). The fact that concentrations of DMS remained 785 low (ca. 3 nmol L -1 ) suggests that potential sinks, particularly bacterial DMS 786 consumption, but not excluding DMS photo-oxidation and ventilation (Table 1) are comparable to DMS production rates from DMSP d previously reported (Table 3) . It is 791 noteworthy that although production rates of DMS from DMSP d were low in B3, 792 concentrations of DMS remained high despite slightly higher wind speeds during this 793 period of sampling (see Bell et al. (2015)), which should have enhanced ventilation of 794 DMS to the atmosphere. This suggests that sinks for DMS were somehow alleviated, for 795 example through: (1) a decrease in photo-oxidation of DMS related to a reduction in 796 irradiance fields and a deepening of the mixed layer (see Table 1 ); (2) a reduction in 797 bacterial consumption of DMS, for which unfortunately no specific information is 798 available but that could be associated with a decrease in bacterial abundance (Table 1) . (Fig. 3a, Fig. 4a ).
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activity associated with the presence of certain species of dinoflagellates and 819 coccolithophores (Niki et al., 2000; Wolfe and Steinke, 1996) , ubiquitous in Subantarctic 820 waters in early March and potential algal oxidative stress associated to light or nutrient 821 availability (Stefels et al., 2007; Sunda et al., 2002) . 822
Another indication of the relative importance of phytoplankton-mediated DMS 823 production in B3 stations can be found in the comparison of standing stocks of DMS 824 relative to DMSP t which averaged 0.07 and 0.05 mol:mol in B1 and B2, respectively, and 825 increased to a mean of 0.15 mol:mol in B3. This higher average DMS:DMSP t molar ratio 826 suggests stronger DMSP p to DMS conversion efficiency in this particular sampling 827
cluster. Further, albeit limited, information on net community-associated DMS 828 production is provided by net changes in DMS concentrations (Fig. 6) 1.6 -10 13.5 -15.7 1.7 -31.9 0.8 -19.9 0.1 -1.6 1.4 -184 1 -4 4 -17 0.1 -27.3 Table 3 . Partial compilation of microbial DMSPd and DMS cycling rates measured via the 35 S radioisotope technique in papers published since 2000.
*Also called the microbial DMSPd consumption rate. **Measured from the incorporation of 35 S into TCA-insoluble particles. Expressions n/a and n/d refer to data that is non-available and non-detectable, respectively. The compilation is non-exhaustive and does not include certain stressor experiments for simplicity (see additional studies including Slezak et al. 2007 ; Ruiz- Gonzalez et al. 2011; 2012a : 2012b .
